ABSTRACT When [35S]actin monomer from the slime mold Dictyostelium discoideum is added in trace amounts to a population of unlabeled Dictyostelium actin molecules assembled to steady state, it rapidly exchanges with the pool of actin filaments. This exchange between monomeric and filamentous actin is dependent on the presence of ATP. In addition, the exchange appears to occur via filament ends, because cytochalasin D, a drug that interacts specifically with actin filament ends to inhibit filament assembly, inhibits the exchange reaction.
The actin in muscle cells is organized into stable thin filaments (F-actin), which are oriented parallel to the myosin thick filaments (1) . In contrast, the actin of nonmuscle cells constantly undergoes structural reorganizations as the cells move, change shape, and divide (2, 3) . The cellular factors that regulate these rearrangements are not yet understood, although several proteins have been described that appear to alter the in vitro behavior of actin. For example, profilin interacts with actin monomers (G-actin) and inhibits the formation of actin filaments (4) (5) (6) (7) , and recently a protein that depolymerizes actin filaments has been reported (8) .
Because the process of actin filament reorganization appears to be central to many of the structural changes that occur in nonmuscle cells, we have chosen to investigate in detail the behavior of actin filaments in vitro, using a highly purified nonmuscle actin isolated from amoebae of the cellular slime mold Dictyostelium discoldeum. Previous observations on the in vitro behavior of actin filaments have suggested that even at steady state, there is an exchanget of G-and F-actins (9, 10) . Such an exchange reaction could give rise to a steady flow of actin monomers from filaments in one location in a cell to those in another. The regulation of this constant flux by ancillary proteins, ions, or nucleotides, for example, may ultimately be involved in the spatial and temporal organization of actin structures in cells.
In this report we describe studies using radiolabeled actin in trace amounts as a probe to examine the behavior of actin molecules at steady state. We have found that [asS] actin monomers rapidly exchange into filaments at steady state in a process that is dependent on the presence of ATP and that occurs by a mechanism involving primarily the ends of the filaments, because submicromolar concentrations of cytochalasin D inhibit the process. We consider our results in terms of possible mechanisms for the exchange between G-and F-actin pools and discuss the implications of such-an exchange for the regulation of the structural forms of actin in nonmuscle cells.
MATERIALS AND METHODS
Cells, Cell Growth, and Preparation of Actins. Unlabeled actin was obtained from D. discoideum, strain Ax-3, grown in HL-5 medium as described (11) . Radiolabeled actin was isolated in the same way from amoebae grown in a chemically defined medium, FM those obtained using the more conventional method of viscometric determination-i.e., 15-40 sg/ml (unpublished data). All of the experiments described used the sedimentation assay to determine the distribution of label between G-and F-actins at steady state. Preparation of the Equilibrium Dialysis Apparatus. The apparatus used was the model EMD 101 with 0.25 ml wells from Hoefer Scientific Instruments (San Francisco, CA). Millipore membranes (type DA, 13-mm diameter, 0.65-,am pore size) were pretreated for 30 min with bovine serum albumin solution at 0.5 mg/ml, then rinsed with F buffer to eliminate nonspecific binding of actin to the membranes. The rubber (-rings lining the wells of the dialysis apparatus were lubricated with silicone grease (Dow Corning) to prevent sample leakage. Each well contained a 3-mm-diameter glass bead to facilitate mixing, at a constant rate, during the course of the dialysis.
RESULTS
At Steady-State Equilibrium, G-Actin Rapidly Exchanges with F-Actin. To demonstrate a steady-state exchange reaction of the G-and F-actin pools, 35Slabeled G-actin was added in a trace amount to unlabeled F-actin, and the distribution of the radioactive label between the G-and F-actin pools was followed with time ( Fig. 1 ). As soon as could be measured by the assay used (about 20 min), the added G*-actin was incorporated into F-actin to a level that remained stable for at least 27 hr. If the added G*-actin had remained monomeric, the result obtained would have been that shown by the broken line in Fig. 1 .
The design of the experiment described above is less than ideal for two reasons. First, the addition of even a trace amount of labeled actin monomer leads to a change in the steady state concentration of monomer and filament. Under such conditions it is difficult to distinguish incorporation of G-actin into F-actin by exchange from that due to assembly that would necessarily occur to regain steady state. Second, there is a problem arising from the mechanical shearing of filaments that may be expected to occur upon mixing of the two actin populations. If the exchange were taking place by a mechanism that was depen- Unlabeled Dictyostelium G-actin-at 500 1g/ml in 1.5 ml of G buffer containing 0.1 mM ATP was induced to assemble to steady state at 220C by the addition of salts to give 100 mM KCI and 1 mM MgCl2.. At time = 0, 0.02 ml of G*-actin was added to a final concentration of 10 ,ug/ml, with Vortex mixing. At intervals, samples were removed to determine the distribution of the labeled actin between the G-and F-actin pools by the sedimentation assay. The broken line represents the result expected if the added G*-actin were to remain monomeric. In this experiment the G(x), or critical monomer concentration, was 28 ug/ml. dent on actin filament ends, such shear would lead to a change in the rate of the exchange reaction. We therefore wished to design an experimental approach whereby G*-actin could be introduced into a population of F-actin at steady state in such a way as to eliminate perturbation to this steady state, and which would not lead to a gross change in the physical structure of the population of F-actin.
An experimental situation that meets these criteria is presented in Fig. 2 Upper. The figure depicts an equilibrium dialysis chamber in which the two wells are separated by a membrane permeable to G-actin, but not to F-actin. On one side of this membrane, the H ("hot") side, is placed a solution of [15S]actin assembled to steady state; on the other, the C ("cold") side, is placed an equivalent volume of F Buffer. In Fig. 2 Upper the chamber is set up for a control experiment to demonstrate that G*-actin, but not F*-actin, can cross the membrane from the H to the C side. As shown in Fig. 2 Lower, the amount of labeled actin that crosses the membrane increases with time and, as measured by the sedimentation assay, it is monomeric. In an experiment of this type the rate at which the actin crosses the membrane is very slow, and the amount crossing within an hour represents only about 1-2% of the G*-actin. Because the actin on the C side of the membrane is present in an amount very much lower than the G(oo) concentration for this buffer, it is not expected to form filaments.
In other experiments, the dialysis chamber was set up with labeled actin on the H side of the membrane and an equivalent volume and concentration of unlabeled actin on the C side of the membrane. The actins were assembled to steady state under identical conditions of concentration, buffer, temperature, and time. As dialysis was allowed to proceed, G*-actin crossed the membrane to the C side. Almost as rapidly as can be measured in the sedimentation assay, the G*-actin became incorporated into the F-actin pool (Fig. 3) .t This result is similar to that presented in Fig. 1 , in that we observed a rapid exchange between the G-and F-actin pools.
It is important to note that in this situation actin monomer is free to travel in both directions across the membrane, and that for every molecule of actin that crosses from the H to the C side of the chamber one passes in the opposite direction. As a result, although there is no overall change in the concentration of Gor F-actin on either side of the membrane, a trace amount of G*-actin is added to the population of unlabeled actin. In addition, because mixing is gentle and constant in both populations of actin, there is no possibility of selective shearing of actin filaments leading to anomalous results.
We conclude that, at steady state, there is a rapid exchange of actin subunits between the G-actin pool and the F-actin pool.
The Exchange Reaction Requires ATP. ATP is not necessary for the KC1-or MgCl2-induced formation of actin filaments from G-actin (13) (14) (15) . However, as shown in Fig. 3 , the exchange reaction between G-actin and F-actin requires the presence of ATP. Given that G-actin in the absence of ATP is very unstable (see ref. 14) , one might argue that this observed lack of exchange of ADP-G-actin into F-actin is the result of actin denaturation. However, it has been shown that the 3 mM concentration of ADP used in these experiments is sufficient to stabilize G-actin in the absence of ATP (16) . Furthermore, we have shown by two types of experiments that the ADP-G*-actin on the C side of the dialysis membrane is indeed capable of assembly into filaments. At time = 2 hr in an experiment such as that shown in Fig. 3, 2 mM ATP was added to the C side; 70% of the G*-actin became sedimentable within 1 hr. In the second type of experiment, the ADP-G*-actin removed from the C side at time = 2 hr was mixed with unlabeled ADP-G-actin at 1.0 mg/ml and copolymerized in the absence of ATP; 35% of the ADP-G*-actin became sedimentable within an hour.
The Exchange Reaction Requires Filament Ends. The non-steady-state assembly of actin filaments is markedly inhibited by submicromolar concentrations of cytochalasin D, apparently by interaction with the end of the filament primarily involved in filament assembly (16-20, §) . Thus, if the exchange reaction at steady state involves primarily the ends of the filaments, submicromolar amounts of cytochalasin should inhibit the exchange. If however, the exchange occurs primarily along the length of the filaments, this amount of cytochalasin should not be expected to inhibit the exchange. As shown in Fig. 4 , cytochalasin D (Sigma) at 0.1 yIM (1 molecule of cytochalasin t In all of the experiments in this report there is a small amount (0.5-3%) of nonpolymerizable actin in the actin preparations. In the dialysis experiments this nonpolymerizable G*-actin accumulates on the C side of the membrane while the polymerizable G*-actin is trapped in the unlabeled F-actin. This phenomenon will be dealt with quantitatively in another report. § S. S. Brown and J. A. Spudich, unpublished. of the labeled and unlabeled actin solutions were pipetted into opposite wells of the dialysis apparatus and dialysis was initiated. At intervals, samples were removed from the C side of the chamber, and the distribution of labeled actin was determined by the sedimentation assay. The ATP curve is a composite of the data from seven experiments; the ADP curve is a composite of the data from four experi- (13) or in the complete absence of nucleotide (14, 15) . Although adenine nucleotides and divalent cations have been suggested as possible regulators of the rate and extent of actin polymerization in vitro (14) , a change from ATP to ADP increases the time necessary for complete assembly only 3-to 5-fold (21). The striking effect of replacing ATP by ADP on the rate of the G-F-actin exchange reaction (Fig. 3) suggests that, in vitro, the role of ATP in the actin system may primarily involve the steady-state exchange reaction Proc. Nati. Acad. Sci. USA 77 (1980) The mechanism of the exchange reaction could be considerably more complex than a simple treadmill model, and in order to understand the details of the reaction more data are necessary. The important point for this paper is that we have demonstrated that there is a rapid exchange reaction between G-actin and F-actin at steady state, and, more importantly, that this reaction is dependent on the presence of ATP.
The ATP-driven exchange between G-actin and F-actin could be critically important in the ever-changing temporal and * spatial organization of actin filaments within the cell. Filaments may be in a constant flux, and a site in need of filaments, such as the future furrow region of a dividing cell, may recruit actin o from other filaments merely by establishing nucleation sites for filament assembly. Thus, there may be a constant, general flow of actin monomers from one part of the cell to filaments in other areas via a G-actin pool that is not necessarily larger than the G(co) concentration. In addition, accessory proteins or small molecules may regulate the rates of assembly and disassembly of actin filaments within the cell by interacting with filament ends or with actin monomers. (1,im/ml) was added to each actin population. At time = 0, the actins were pipetted into opposite wells of the dialysis apparatus and dialysis was initiated. At intervals, samples were removed from the C side of the chamber, and the distribution of the labeled actin was determined by the sedimentation assay. The data presented in this figure were compiled from seven experiments performed under identical conditions. In these experiments, the G(oo) values were 20-25 Mg/ml in the absence of cytochalasin D and 55-60 ug/ml in the presence of the drug. 0 (Fig. 4) . Given the reported effects of the cytochalasins on actin filament assembly (16) (17) (18) (19) (20) , it is likely that cytochalasin D is inhibiting the exchange reaction by interfering with the ends of the actin filaments. The cytochalasin D inhibition of the rate of exchange is not complete and, as yet, it is not possible to discern whether this slow residual exchange is due to events at filament ends or to events along the length of the filament, an important distinction when one considers mechanisms for the exchange reaction.
One possible steady-state exchange mechanism that is consistent with the demonstrated requirements for ATP and filament ends is the head-to-tail model for actin filament assembly recently proposed by Wegner (10) . In this elegant model, one end of the polar (22) actin filament is primarily an assembly 'end; here monomer-polymer association events outnumber dissociation events. The other end of the filament is primarily a disassembly end. At steady state, net associations and dissociations of monomer at the respective ends of the filament result 
